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MinireviewG Protein Signaling
and Asymmetric Cell Division
plasmic protein Inscuteable (Insc). Insc, which associ-
ates with Partner of Inscuteable (Pins), keeps the BAZ/
DmPar-6/aPKC complex in place and directs basal lo-
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Universita¨tsstrasse 1 calization of the determinants Numb and Prospero and
40225 Du¨sseldorf the orientation of the mitotic spindle perpendicular to
Germany the surface of the epithelium. Consequently, only the
basal ganglion mother cell receives the basally located
cell fate determinants (Figure 2A). Cells lacking Insc fail
Asymmetric cell division depends on the polarization to properly orient the mitotic spindle and to coordinate
of the dividing cell for the correct alignment of the the Numb/Prospero crescent with one of the spindle
mitotic spindle and the localization of cytoplasmic de- poles.
terminants. Receptor-independent activation of heter- Unlike neuroblasts, the axis of polarity of the pI cell
otrimeric G proteins by the Drosophila GoLoco protein and, therefore, the orientation of the spindle, is aligned
Partner of Inscuteable seems to represent a novel along the anterior-posterior axis, in the plane of the
mechanism to control these events. epithelium, therefor called planar polarity. The cell divi-
sion of the pI thus results in a posterior cell, pIIa, and
Asymmetric cell division, the process that produces two an anterior cell, pIIb, which inherits the cell fate determi-
daughter cells with different developmental potentials, nants Numb and its adaptor protein, Partner of Numb
is of fundamental significance for the generation of cell (Figure 2B). Insc is not expressed in pI. Here, the orienta-
diversity (Horvitz and Herskowitz, 1992). Results ob- tion of the axis of polarity requires the seven transmem-
tained from studies in different organisms have provided brane protein Frizzled (Fz) (Gho and Schweisguth, 1998).
insight into the sequence of events underlying this pro- Loss of Fz function in the pI cells results in a randomized
cess (Piano and Kemphues, 2000) (Figure 1). In the first orientation of the mitotic spindle and a random position
step, the cell must establish an axis of polarity. This of the Numb crescent.
process is controlled by either intrinsic or extrinsic cues It thus looks that these two cell types use, at least to
and is manifested by the polarization of actin filaments
some extent, different ways to establish and maintain
and/or the restricted localization of cortical compo-
their polarity. While neuroblasts adopt their axis of polar-
nents. In the second step, cell fate determinants are
ity from the overlying epithelium, the pI cells, which are
unequally distributed to one of the two poles. Finally,
still integrated in the epithelium during division, have tothe mitotic spindle becomes oriented along the axis of
remodel the initial apico-basal polarity of the epitheliumpolarity, so that the determinant(s) are always localized
into an anterior-posterior planar polarity. Two recentabove one spindle pole. This allows their unequal distri-
papers show that Pins plays, beside the role in neuro-bution to only one daughter cell. The disruption of either
blast polarity already shown, an important function forstep or the failure to coordinate the localization of the
establishing planar polarity in the pI cell (Bellaiche etdeterminant(s) or the orientation of the spindle with the
al., 2001) and suggest that it performs this function byaxis of polarity interferes with asymmetric cell division.
mediating receptor-independent G protein signalingSo, one important question for understanding this pro-
(Schaefer et al., 2001 [this issue of Cell] ).cess concerns the molecular nature and the function of
Pins Remodels Apico-Basal Polaritythe spatial cue that establishes and maintains polarity.
into Planar PolarityIn Drosophila, two cell types are widely used to study
The paper by Bellaiche et al. (2001) nicely demonstratesthe mechanisms controlling asymmetric cell division.
that during the transition from apico-basal polarity intoThese are the embryonic neuroblasts, the progenitors
anterior-posterior planar polarity, Baz and DaPKC, twoof the central nervous system, and the sensory organ
components of a protein complex localized apically inprecursor cells (pI), progenitors of sensory organs of
epithelial cells (see above and Figure 2A), are concen-the fly. Mechanisms controlling the division of these
trated at the posterior cortex of the pI cell. Unlike incells have been extensively studied in the past years
neuroblasts, where Pins is a component of the apicaland are summarized in Figure 2 (see Knoblich, 2001
Baz/DmPar-6/Insc/Pins complex, Pins is accumulatedfor recent review). The neuroblast delaminates from the
at the opposite, anterior pole of dividing pI cells, at theneuroepithelium (Figure 2A). Hereafter, it divides in a
same site as Numb. This localization does not requirestem-cell-like fashion, giving rise to another neuroblast
Baz function, but involves another scaffolding protein,and a smaller ganglion mother cell, which divides once
Discs-Large (Dlg), a member of the membrane-associ-more to produce two neurons. The apico-basal polarity
ated guanylate kinases (MAGUK)-family, which is local-of the neuroblast is inherited from that of the epithelium
during delamination by a protein complex composed of ized at the lateral membrane in epithelial cells. At the
the PDZ proteins Bazooka and DmPar-6 and an atypical onset of mitosis of the pI cell, Dlg concentrates in the
protein kinase C (DaPKC). In the neuroblast, this com- anterior cortex, where it directly interacts with Pins. Pins,
plex is responsible for the apical recruitment of the cyto- in turn, is required, in concert with Fz, to establish the
asymmetry in the pI cell by excluding Baz from the ante-
rior pole. How does Pins perform this function?1Correspondence: knust@uni-duesseldorf.de
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Figure 1. Sequence of Events Leading to
Asymmetric Cell Division
Pins Associates with an  Subunit proteins are a structurally and functionally heteroge-
neous family. In many cases, the genomes of higherof a Heterotrimeric G Protein
The paper by Schaefer et al. (2001) provides some clues organisms harbor more than one gene for each , ,
and  subunit, which can be assembled in different com-as to how Pins may regulate polarity in both the pI
cell and neuroblasts. The results extend those from a binations.
Schaefer et al. show that Gi colocalizes with Inscprevious paper, in which the authors showed that Dro-
sophila Pins binds to an  subunit of a heterotrimeric G and Pins in an apical crescent of delaminated neuro-
blast. Given that Gi is a subunit of a heterotrimeric Gprotein (Schaefer et al., 2000). Heterotrimeric G proteins
( GTP binding proteins) are signal-transducing protein protein, the next question was whether Gi recruits a
complete heterotrimeric G protein into the apical cres-complexes composed of an , , and  subunit, located
on the cytoplasmic side of the plasma membrane. In its cent of dividing neuroblasts. Immunoprecipitations show
that one of the three Drosophila  subunits, G13F,inactive form, the GDP-bound  subunit is associated
with the stable  complex (Figure 3A). Activation of which represents the homolog of vertebrate G1, 2, 3,
and 4, associates with Gi. In contrast to the  subunit,the complex results in the exchange of GDP for GTP,
followed by the dissociation from the  complex. Both the  subunit G13F is not restricted to an apical cres-
cent in neuroblasts, but is rather present throughoutthe GTP-bound  subunit and the  dimer interact with
downstream effectors. Upon hydrolysis of GTP, which the cell cortex. Immunprecipitation of the apical, Insc-
containing protein complex detects only Pins and Giis catalyzed by the GTPase activity of the  subunit, the
GDP-bound  subunit reassociates with the  complex in the complex, but not G13F, suggesting that G13F
is not a component of the Insc/Pins/Gi complex.beneath the plasma membrane. It is well established
that the activation of heterotrimeric G proteins is in- It has been described that only the GDP-bound form
of Gi binds to the  dimer, while the GTP-bound formduced by interaction with seven transmembrane recep-
tors, which themselves are activated by binding to their leads to the dissociation of the trimeric complex (Figure
3A). The absence of G13F in the Insc/Pins/Gi complexrespective ligands. Among these so-called G protein-
coupled receptors are, for example, those required for could thus simply be the consequence of the fact that
only the GTP-bound form of Gi is present in the apicalperception of olfactory or visual stimuli, hormones, neu-
rotransmitters, or chemotactic signals. Heterotrimeric G crescent and binds to Pins. To answer this question,
Figure 2. Asymmetric Cell Division in Embry-
onic Neuroblasts (A) and Sensory Organ Pre-
cursor Cells (pI) (B)
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Figure 3. Activation of G Protein Signaling by
Seven Transmembrane Receptors (A) and the
GoLoco Domain-Containing Protein Pins (B)
the authors overexpressed either a wild-type Gi protein plex. Since none of the effectors is known in Drosophila,
the authors used the overexpression of either the wild-or a mutant version of it, GiQ205L, that should be constitu-
tively bound to GTP, since it lacks the GTPase activity. type Gi protein or GiQ205L to discriminate between
these possibilities. Excess (GDP-bound) wild-type pro-Overexpressed wild-type Gi and mutant GiQ205L are
present uniformly throughout the cell cortex. However, tein is expected to deplete the cell from the  complex
(see Figure 3A), while excess of the mutant version,while Pins distribution is not affected by ubiquitous
GiQ205L expression in neuroblasts, Pins becomes redis- GiQ205L, continuously bound to GTP, will not associate
with the  complex, which, in turn, will persistentlytributed throughout the cell cortex upon overexpression
of wild-type Gi, suggesting that Pins only binds to the activate its downstream effectors. As mentioned above,
overexpression of the wild-type Gi subunit, and henceGDP-bound form of Gi. This result was further strength-
ened by showing that Gi binds to Pins in the presence depletion of the  complex, produces the same mutant
phenotype in neuroblasts as that obtained in embryosof GDP. If, however, the protein extract contains the
GTP analog GTPS, which keeps most of Gi in its GTP- lacking G13F function, suggesting that the down-
stream effectors of the  complex are crucial for thebound form, Pins is not coimmunoprecipitated by Gi.
The binding of Pins to the GDP-bound form of Gi has maintenance of neuroblast polarity.
Interaction of GoLoco Domains with Gi Activateyet another consequence. Pins nearly completely abol-
ishes the binding between Gi and G13F. This sug- G Protein Signaling
In other systems, it has been demonstrated that activa-gests that Pins prevents the association of Gi and
G13F in the apical crescent of neuroblasts. tion of heterotrimeric G proteins is mediated by seven
transmembrane receptors (Figure 3A). So far, no G pro-Downstream Effectors of the  Complex Control
Neuroblast Polarity tein-coupled receptor has been described to function
in the control of neuroblast asymmetric division, andThe results led to the conclusion that GDP-bound Gi
is a component of the apical Insc/Pins complex, that its existing data suggest that extracellular signals may not
be involved. In contrast, in the pI cell, the seven trans-apical expression depends on Insc and Pins, and that
Pins interferes with binding of Gi to G13F. But what membrane receptor Fz is a likely candidate to act as an
activator of heterotrimeric G proteins (Gho and Schweis-function do G proteins play during asymmetric division?
A mutation in G13F completely abolishes not only guth, 1998), although up to now no ligand involved in
control of planar polarity is known. These data lead theG13F, but also Gi expression in all cells, including
neuroblasts. As a consequence, the majority of neuro- authors to analyze whether Gi has a function in pI
asymmetric division, and whether it is required for Fz-blasts fail to properly adjust the mitotic spindle and to
concentrate Miranda and Numb in a basal crescent and mediated signaling. In the pI, Gi is colocalized with
Pins and Numb in an anterior crescent and is segregatedInsc in an apical crescent. This suggests that heterotri-
meric G proteins are essential for asymmetric cell divi- into the anterior pIIb cell upon division. Either removal
of Gi (in G13F mutants) or depletion of the G com-sion of neuroblasts.
It is known from other systems that the  subunit plex (by overexpression of the wild-type Gi) prevent
localization of Numb and Pins and proper orientation ofand the  complex, when dissociated upon receptor
activation, can modify the activity of different down- the spindle. Since in cells lacking Fz, Numb and Pins
are still concentrated in a crescent, yet at random posi-stream effectors (see Figure 3A). This raises the question
of whether the mutant phenotype induced by the ab- tions, Gi may not simply act as a transducer of Fz
signaling.sence of G13F is the result of the failure to activate
the effector(s) of the  subunit or those of the  com- So what could be the function of G proteins during
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Horvitz, H.R., and Herskowitz, I. (1992). Cell 68, 237–255.asymmetric division of neuroblasts and what role does
Kimple, R.J., De Vries, L., Tronche`re, H., Behe, C., Morris, R.A.,Pins play in this process? Pins can be considered as
Farquhar, M.G., and Siderovski, D.P. (2001). J. Biol. Chem. 276,an activator of G protein signaling by binding to the
29275–29281.GDP-bound form of Gi and thereby inducing the disso-
Knoblich, J.A. (2001). Nat. Rev. Mol. Cell. Biol. 2, 11–22.ciation of Gi from the  complex (Figure 3B). Pins is
Piano, F., and Kemphues, K.J. (2000). In Cell Polarity (Frontiers incharacterized by the presence of three 19 amino acid
Molecular Biology, 28), D.G. Drubin, ed. (Oxford: Oxford Universityrepeats called GoLoco motifs (Schaefer et al., 2000; Yu
Press).
et al., 2000). This motif has also been found in a group
Schaefer, M., Petronczki, M., Dorner, D., Forte, M., and Knoblich,
of proteins generically named activator of G proteins J.A. (2001). Cell 107, this issue, 183–194.
(AGS) or regulators of G protein signaling (RGS). The Schaefer, M., Shevchenko, A., and Knoblich, J.A. (2000). Curr. Biol.
GoLoco domain of RGS12, RGS14, and AGS3 directly 10, 353–362.
interact with Gi, thereby stimulating release of the G Weiner, O.D., Servant, G., Parent, C.A., Devreotes, P.N., and Bourne,
complex and enhancing G signaling (De Vries et al., H.R. (2000). In Cell Polarity (Frontiers in Molecular Biology, 28), D.G.
Drubin, ed. (Oxford: Oxford University Press).2000; Kimple et al., 2001).
G Protein Signaling—A Common Way to Control Yu, F., Morin, X., Cai, Y., Yang, X., and Chia, W. (2000). Cell 100,
399–409.Asymmetric Cell Division?
The regulation of spindle orientation by G protein signal-
ing seems not to be unique for neuroblasts and pI cells of
Drosophila. In C. elegans, similar signaling mechanisms
are involved in the orientation of the spindle during the
first cleavage (Gotta and Ahringer, 2001). This division
is also asymmetric and results in a larger, anterior AB
cell and a smaller, posterior P1 cell. Activation of the
G complex is required for the proper orientation of
the mitotic spindle of the one-cell embryo. In addition,
Gi signaling is required for the asymmetric positioning
of the spindle, suggesting that activation of both G
and G effectors are required for asymmetric division.
This situation is similar to that of pI cells, where overex-
pression of the GTP-bound form of Gi, GiQ205L, also
influences the orientation of the spindle. In contrast to
Drosophila neuroblasts and pI cells, asymmetric accu-
mulation of cortical components, such as anterior local-
ization of Par-3, the worm homolog of Baz, are not af-
fected in the absence of G and G signaling (Gotta
and Ahringer, 2001).Signaling by heterotrimeric G pro-
teins is also involved in the control of cell polarity in
unicellular organisms such as yeast and Dictyostelium
(reviewed in Ba¨hler and Peter, 2000; Weiner et al., 2000).
Here, however, activation occurs by activation of a
seven transmembrane receptor (see Figure 3A), which
is activated by chemoattractive, diffusible signals, a
pheromone in yeast and cAMP in Dictyostelium. In both
organisms, monomeric G proteins such as Rho, Rac,
and Cdc42, are discussed as downstream effectors of
G signaling. These would provide a link to the modula-
tion of the actin cytoskeleton, which is crucial for the
polarization of a cell. Further analysis of the downstream
effectors in both Drosophila and C. elegans will unravel
the mechanisms by which Gi and G regulate cell
polarity and asymmetric cell division.
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